C ritical illness neuromyopathy (CINM) has been increasingly recognized in patients with severe critical illness treated in the intensive care unit (ICU). The limb neuromuscular component of CINM has been particularly studied during the last decade. Because there is no gold standard for the diagnosis of CINM, two approaches are commonly used, electrophysiological or clinical detection. Electrophysiological investigation of the limbs reveal diffuse neuromuscular abnormalities in Ͼ50% of ICU patients after 5-7 days of mechanical ventilation (MV) (1) (2) (3) (4) . Limb weakness, the main clinical sign of CINM, can be identified at awakening after the acute phase of illness by using a simple bedside score such as the Medical Research Council (MRC) score (5) . The MRC score has shown satisfactory reproducibility, internal consistency, and predictive value in various neuromuscular disorders requiring or not requiring MV (6 -8) , and it has been used in several retrospective (9) and prospective studies of CINM (2, 10, 11) .
The respiratory neuromuscular component of CINM has been less studied. However, the respiratory neuromuscular involvement might contribute to difficulty in weaning from the ventilator and prolonged duration of MV. The involvement of respiratory muscles in patients with CINM has not been quantified to date. Furthermore, although a strong association has been established between MV duration and limb neuromuscular involvement (12, 13) , with the limb involvement being considered a surrogate marker of the respiratory involvement, the relationship between limb and respiratory muscle strength abnormalities and the specific contribution of respiratory muscle involvement to delayed weaning have not been clearly established.
The objective of the present study was to assess the severity of respiratory neuromuscular function abnormalities using bedside measurements in ICU patients at the time they regain normal consciousness after Ն7 days of MV. Furthermore, this study aimed to investigate the correlation between respiratory and limb muscle strength and to determine the contribution of respiratory neuromuscular involvement to delayed weaning.
METHODS
The study was conducted prospectively between June 2003 and June 2005 in four ICUs (two medical, one surgical, and one medicosurgical) in two university hospitals and one university-affiliated hospital. All consecutive patients mechanically ventilated for Ն7 days were eligible. Patients were excluded if they had previously identified disease of the peripheral nervous system, bi-hemispheric or brainstem lesions, fewer than two limbs in which muscle strength could be tested, a language barrier that was expected to limit patient comprehension, or if they had been referred from another ICU. The study protocol was approved by the Ethics Committee of Saint-Germain-enLaye, France. Informed consent was obtained from patients or relatives.
After 7 days of MV, patients were screened daily for awakening and comprehension, based on their response to five commands ("open/ close your eyes," "look at me," "open your mouth and put out your tongue," "nod your head," and "raise your eyebrows when I have counted up to five") involving neck and face muscles, which are commonly spared in CINM. The first day that the patient responded to at least three of these orders on two consecutive evaluations at a 6-hr interval was referred to as "awakening." The day of awakening, muscle strength was measured in the four limbs using the MRC score, with values ranging from 0 (tetraplegia) to 60 (normal muscle strength) (6) . On the same day, the maximal inspiratory (MIP) and expiratory (MEP) pressures and vital capacity (VC) were measured via the tracheal tube during a short disconnection from the ventilatory circuit in a semirecumbent position at 45 degrees. MIP was measured after a forced expiration against a manual occlusion of the respiratory circuit and held for Ն1 sec. Three maneuvers were performed, and the highest value was used for analysis. MEP was measured similarly, after a forced inspiration. VC capacity was measured using a Spirobank (MIR Laboratory, Rome, Italy). The highest of three values was used for analysis.
So that the physician's awareness of the patient's neuromuscular status did not influence the conduction of weaning, ventilator weaning was standardized according to the French ICU Consensus Conference 2003 guidelines (14) . Briefly, patients were screened daily after awakening for presence of prerequisite criteria for extubation, including FIO 2 of Ͻ50%, positive end-expiratory pressure of Ͻ5 cm H 2 O, and absence of catecholamines infusion. From the day prerequisite criteria were met, patients underwent daily T-piece trials of 30 -120 mins in duration. Satisfactory tolerance of the T-piece trial was followed by extubation, regardless of MIP, MEP, VC, or MRC values. Although weaning is commonly considered successful when there is no need for reconnection to the ventilator within 48 hrs after extubation, other investigations (15) and daily experience have shown that long-term mechanically ventilated patients, especially those with CINM, frequently require reintubation and further MV for Ͼ48 hrs after a first extubation. Therefore, to analyze the contribution of respiratory weakness to delayed weaning, we focused on the duration between awakening and successful extubation defined by absence of reintubation within 15 days after extubation.
Statistical Analysis. Categorical variables are presented as number (percentage) and compared using the chi-square or Fisher's exact test, as appropriate. Quantitative data are presented as median (interquartile range) and compared using the Mann-Whitney test, except when otherwise noted. Associations between MRC score and MIP, MEP, and VC were analyzed using Spearman's correlations and analysis of variance analyses.
To analyze the effect of MIP, MEP, and VC on MV, time from awakening to successful extubation in patients with high and low MIP, MEP, and VC (dichotomized on their median values) was estimated using the Kaplan-Meier method (16) and compared using log-rank analysis. Hazard ratios and their 95% confidence intervals (CIs) were estimated using Cox proportional hazards models (17) . Other variables that could potentially influence time from awakening to successful extubation, including age, sex, presence of chronic obstructive pulmonary disease or cardiac insufficiency, duration of MV, number of days with two or more failed organs or presence of septic shock before awakening, and Simplified Acute Physiology Score II at awakening, were also analyzed. Proportional hazards assumption was graphically assessed, and the Schoenfeld residuals were used in the case of uncertainty. MIP, MEP, VC, and MRC were then each entered into separate multivariate Cox proportional hazards analyses of delayed successful extubation (17) 
RESULTS
Patient Characteristics. During the study period, 324 patients required MV for Ն7 days. Among these, 86 had exclusion criteria: 50 had preexisting neurologic disease (this large number is due to the recruitment of a large number of patients with peripheral neurologic disease at admission in one participating ICU), 24 had been transferred from another ICU, ten had no assessable limbs, and a language barrier was present in two patients. Among the 238 remaining patients, 71 died and 34 were transferred before awakening (as defined in the Methods section), 11 withheld consent, and six patients were overlooked. A total of 116 patients were included (Table  1) (18, 19 [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] vs. 27 [19 -37] , p ϭ .46) or MRC (39 vs. 36 , p ϭ .59) at awakening or in number of days with two or more failed organs (6 [3-10] vs. 5 [3] [4] [5] [6] [7] , p ϭ .17) before awakening.
Correlation Between Respiratory and Limb Muscle Strength. There were significant correlations between MRC score and MIP (rho ϭ 0.35, p ϭ .001), MEP (rho ϭ 0.49, p Ͻ .0001), and VC (rho ϭ 0.31, p ϭ .007) at awakening. The distributions of MIP, MEP, and VC according to MRC tertiles are shown in Figure 1 .
MV Duration and Relationship with Respiratory Muscle Strength. The median (interquartile range) time from awakening to successful extubation was 6 (1-17) days. Time from awakening to successful extubation was significantly longer in patients with low MIP and in those with low VC, and there was a trend toward longer time from awakening to successful extubation in those with low MEP (Table 2 ). Kaplan-Meier curves are shown in Figure 2 . Other variables significantly associated with delayed successful extubation in univariate analysis were presence of septic shock and number of days with two or more failed organs before awakening and Simplified Acute Physiology Score II at awakening (Table  2 ). In the three multivariate models, each including either MIP, MEP, or VC at awakening as a marker of the respiratory involvement, low MIP (hazard ratio, 1.86; 95% CI, 1.07-3.23; p ϭ .03) and low MEP (hazard ratio, 2.18; 95% CI, 1.44 -3.84; p ϭ .007) were independent predictors of delayed successful extubation (Table 3) . Similarly, in the model with the MRC score, the MRC score was an independent predictor of delayed successful extubation (hazard ratio, 1.96; 95% CI, 1.27-3.02; p ϭ .002). Univariate and multivariate analyses of the risk of successful extubation delayed for Ն7 days after awakening are displayed in Tables 4 and 5 , respectively. Low MIP, low MEP, and low MRC were independent predictors of delayed successful extubation, with odds ratios of 8.02 (95% CI, 2.12-30.36; p ϭ .002), 4.15 (95% CI, 1.16 -14.82; p ϭ .03), and 3.03 (95% CI, 1.23-7.43; p ϭ .02), respectively. Among the 106 patients who underwent extubation, reintubation was necessary in 29 patients (27.4%) and occurred Ͼ48 hrs after extubation in 11 patients (37.9% of patients requiring reintubation). There was no significant difference in the frequency of reintubations (Table 6 ). In multivariate logistic regression analysis, septic shock before awakening was the only factor associated with a low MIP or MEP Quantitative variables were dichotomized on their median value. Patients who did not reach the end point of successful extubation (i.e., those who died before or within the 15 days after extubation) were censored (n ϭ 17).
(odds ratio, 3.17; 95% CI, 1.17-8.58; p ϭ .02).
DISCUSSION
In our study, we showed that alterations in bedside variables of respiratory neuromuscular function are extremely frequent after Ն1 wk of MV and are correlated with the severity of limb weakness quantified with the MRC score. Altered MIP and MEP are independent predictors of delayed successful extubation. Septic shock is a strong risk factor for low MIP or MEP. This is the first study of systematic combined bedside assessment of respiratory and limb muscle strength in a broad range of ICU patients with prolonged MV. Although electrical or magnetic nerve stimulation have been proposed to measure isotonic or isometric limb muscle strength, regardless of the patient's level of cooperation (20, 21) , only distal muscles can be assessed, and the sophistication of these methods limit their use in clinical practice. We used the MRC score, a readily available and simple instrument validated in patients with acute stroke (22) and Guillain-Barré syndrome undergoing MV (6) . Return to satisfactory awakening and comprehension, a necessary condition to test patients using the MRC score, was systematically and comprehensively checked, and muscle weakness could be evaluated and analyzed in Ͼ99% of the patients. However, measur- MIP, maximal inspiratory pressure; MEP, maximal expiratory pressure; VC, vital capacity; MRC, Medical Research Council score of limb muscle strength; HR, hazard ratio; CI, confidence interval; COPD, chronic obstructive pulmonary disease; SAPS, Simplified Acute Physiology Score (18) .
MIP, MEP, VC, and MRC were each entered into three separate multivariate Cox proportional hazards analyses of delayed successful extubation, along with other variables with a p value of Յ.20 in univariate analysis. Quantitative variables were dichotomized on their median value. Patients who did not reach the end point of successful extubation (i.e., those who died before or within the 15 days after extubation) were censored (n ϭ 17). MIP, MEP, and MRC score (but not VC) were independent predictors of delayed successful extubation. ing respiratory muscle strength at the bedside was challenging, even after ensuring that consciousness and comprehension were satisfactory. Although technical problems with a spirometer precluded some measurements, anxiety, fear, and immediate poor respiratory tolerance after disconnection from the ventilator and tracheal tube occlusion accounted for additional failed measurements. One factor that might explain this high rate of unsuccessful measurements in our population is the sudden disconnection from the ventilator after a prolonged (Ն1 wk) duration of assisted ventilation. Furthermore, in this context of awakening from an acute critical illness, the relative sophistication of the respiratory muscle strength measurements compared with the measurement of limb muscle strength might also have contributed to the relatively high failure rate. Nevertheless, severity score and MRC score at awakening were not significantly different between patients who did and did not have successful measurements of respiratory variables. This suggests that among our study patients, failure to measure respiratory variables was not the marker of a subgroup of patients with different disease severity.
After awakening, we found that MIP, MEP, and VC values were lower than those observed in healthy subjects (23) , with most values being highly abnormal: 75% of the patients had a MIP of Յ40 cm H 2 O, a MEP of Յ50 cm H 2 O, or a VC of Յ20 mL/kg. We also found a significant correlation between limb and respiratory muscle strength, suggesting that limb and respiratory muscle weakness are possibly linked and may represent two aspects of the same disease. Our findings are in accordance with results from previous studies in which respiratory involvement was assessed using electrophysiological investigation. In a prospective study of 43 patients with sepsis and multiple organ failure, 29 patients underwent a combined electrophysiological investigation of both diaphragm and four limbs, showing a significant correlation between diaphragmatic muscle compound action potential and the level of limb electrophysiological involvement (1) . In patients with electrophysiological features of CINM and difficult weaning, respiratory electrophysiological abnormalities are present in Ͼ80% of the patients (24) and are more frequently observed in patients with severe limb electrophysiological involvement (25) .
Time from awakening to successful extubation was Ն1 wk in 50% of our patients, reflecting an important dependence on the ventilator after awakening from the acute phase of a critical illness in the ICU. Contrary to numerous studies in which MIP, MEP, or VC were used as Univariate analysis of factors associated with a time from awakening to successful extubation of Ն7 days in the 99 patients who reached the end point of successful extubation. Quantitative variables were compared between patients with time to definitive extubation of Ն7 and Ͻ7 days using the MannWhitney test. Categorical variables were compared using the chi-square or Fischer exact test, as appropriate. MIP, maximal inspiratory pressure; MEP, maximal expiratory pressure; VC, vital capacity; MRC, Medical Research Council score of limb muscle strength; OR, odds ratio; CI, confidence interval; COPD, chronic obstructive pulmonary disease.
MIP, MEP, VC, and MRC were each entered into three separate multivariate stepwise backward logistic regression analyses of time from awakening to successful extubation of Ն7 days, along with other variables with a p value of Յ.20 in the univariate analysis. Quantitative variables were dichotomized on their median value. MIP, MEP, and MRC score (but not VC) were independent predictors of successful extubation delayed for Ն7 days after awakening. predictors of immediate success or failure of extubation (26) , in our study, MIP, MEP, and VC were used as potential predictors of prolonged MV after awakening. We found that both MIP and MEP measured at awakening were independent determinants of delayed successful extubation. The adjusted risk of successful extubation delayed for Ն1 wk after awakening was more than four times higher in those patients with low MEP compared with those with high MEP, and it was almost eight times higher in those patients with low MIP compared with those with high MIP. As MIP and MEP were also significantly correlated with the MRC score, our finding provides further evidence that the previously identified association between limb weakness and duration of MV (12, 13) is mediated by respiratory muscle weakness. The reason why altered VC was not an independent determinant of prolonged MV in our study is unclear. One explanation might be that the current not-ideal body weight was used as the denominator. Another explanation is that VC is influenced not only by expiratory muscle strength but also by lung parenchymal or chest wall compliance abnormalities frequently encountered in ICU patients, including those with atelectasis, pneumonia, or pulmonary edema.
Although risk factors for limb involvement, including prolonged immobilization, duration and severity of organ dysfunction, hyperglycemia, and use of corticosteroids or neuromuscular blockers, have been extensively studied (27) , to our knowledge, this study represents a first attempt to identify risk factors for respiratory muscle weakness. Septic shock was the only independent risk factor identified. This is in accordance with numerous animal studies of sepsisinduced diaphragmatic dysfunction and structural changes (28, 29) . Other animal studies have emphasized the deleterious effect on diaphragmatic strength of complete diaphragmatic immobilization under MV (30 -32) . In our patients, duration of MV before awakening was not a risk factor for low MIP. However, periods during which diaphragmatic contraction under MV was abolished or partially preserved were not recorded. The opportunity for animals to trigger the ventilator dramatically reduces diaphragmatic weakness induced by controlled MV (33) . Therefore, the level of preserved diaphragmatic contraction under MV might be a more relevant explanatory variable for diaphragmatic weakness than duration of MV per se.
Our study has several limitations. First, the abnormal values observed in our study may have overestimated respiratory muscle weakness. The patient's cooperation is an important prerequisite to measure respiratory muscle strength. MIP measurement in poorly responsive patients shows poor reproducibility (34) , whereas in ready-to-wean patients, reproducibility of MIP is satisfactory (35) . In our study, adequate awakeness and comprehension, assessed using a fivecommand instrument, were required to consider that patients were awake. Furthermore, the day MIP, MEP, and VC were measured, a MRC score requiring performance of upper and lower limb movements to assess limb muscle strength was obtained in all but one of our patients. Therefore, patients in our study could not be considered poorly cooperative. In addition, even when nonvolitional tests are used to measure respiratory muscle strength, severe alterations are observed. In a study of 18 patients whose respiratory muscle strength was measured, after a duration of MV ranging from 2 to 190 days, using transdiaphragmatic twitch pressure after magnetic phrenic nerve stimulation at the onset of weaning, all but one had a transdiaphragmatic twitch pressure of Ͻ20 cm H 2 O, indicating a severe reduction in diaphragmatic strength (36) . In our study, a convenience sample (data not shown) of 11 patients among the patients in whom measures MIP, MEP, and VC were obtained underwent cervical magnetic stimulation, with twitch pressure measured at the proximal end of the tracheal tube. Twitch pressures were extremely low (median of 4.0 [3.4] as measurement at the functional residual capacity or after a prolonged occlusion on a unidirectional valve. A second limitation is that neither low MIP, MEP, nor VC was significantly associated with a higher risk of reintubation. This might be attributable to the threshold used to define low values (i.e., the median value of each variable) or to a lack of power to detect a difference in this specific end point. The absence of an association between respiratory muscle strength variables and reintubation rate might also reflect the fact that, in our study, patients with respiratory weakness were protected from extubation-reintubation by previous failure of the daily T-piece trials, which precluded extubation, according to the procedure published by the two French critical care societies (14) and very similar to that recommended by the American College of Critical Care Medicine (37) . Whether a less strict weaning strategy would have resulted in a higher rate of reintubation is unknown. Third, using the MRC score to detect CINM, we were unable to distinguish between neuronal and muscular involvement. Of importance is the fact that standard electrophysiological investigation is also frequently unable to distinguish between these two involvements. The precise identification of each of the three components commonly encountered in patients with CINM, including sensory-motor axonopathy, muscle membrane inexcitability, and specific myopathy with various degrees of necrosis, which all contribute to the common abnormal pattern on standard electrophysiological examination, would have required additional sophisticated (direct muscle stimulation) and semi-invasive (muscle biopsy) investigations. In this context, clinical detection of muscle weakness, a uniform manifestation of CINM, whether the axon, muscle contractile proteins, or muscle membrane excitability are involved alone or in combination, represents an interesting alternative to electrophysiological detection. Finally, as the MRC score can be used in cooperative patients only, patients who did not regain satisfactory consciousness and comprehension before being transferred to another unit could not be evaluated. Clinical detection of CINM in these patients remains particularly challenging. However, as return to normal consciousness is a common prerequisite criteria for starting the weaning process, most mechanically ventilated patients in nonneurologic ICUs usually reach the stage at which CINM can be detected clinically.
CONCLUSION
In summary, after awakening from an acute illness requiring intensive care, including Ͼ1 wk of MV, definitive extubation is frequently delayed. Bedside measurement of muscle strength at awakening reveals severe respiratory muscle weakness associated with limb weakness. Respiratory CINM is a predictor of delayed weaning, independent of potential confounders such as chronic obstructive pulmonary disease, and likely contributes to the prolonged MV observed in patients with limb CINM. In our study, septic shock seems to be a strong predictor of respiratory muscle weakness. In patients with low MIP, MEP, or MRC at awakening, further investigation is warranted to determine whether interventions such as tracheostomy performed at awakening might reduce the time to definitive extubation.
